h i g h l i g h t s g r a p h i c a l a b s t r a c t Product of anaerobically corroded U metal characterised as nano-UO 2 (5 e10 nm). UO 2 forms colloids in silicate solutions, no colloids in silicate free systems. Particles have SiO 2 coating but maintain UO 2 core in silicate solution.
a b s t r a c t U(IV) mobility can be significantly enhanced by colloids in both engineered and natural environments. This is particularly relevant in decommissioning and clean-up of nuclear facilities, such as legacy fuel ponds and silos at the Sellafield site, UK, and in long-term radioactive waste geodisposal. In this study, the product of metallic uranium (U) corrosion under anaerobic, alkaline conditions was characterised, and the interaction of this product with silicate solutions was investigated. The U metal corrosion product consisted of crystalline UO 2 nanoparticles (5e10 nm) that aggregated to form clusters larger than 20 nm. Sequential ultrafiltration indicated that a small fraction of the U metal corrosion product was colloidal. When the uranium corrosion product was reacted with silicate solutions under anaerobic conditions, ultrafiltration indicated a stable colloidal uranium fraction was formed. Extended X-ray absorption fine structure (EXAFS) spectroscopy and high resolution TEM confirmed that the majority of U was still present as UO 2 after several months of exposure to silicate solutions, but an amorphous silica coating was present on the UO 2 surface. This silica coating is believed to be responsible for formation of the UO 2 colloid fraction. Atomic-resolution scanning TEM (STEM) indicated some migration of U into the silica-coating of the UO 2 particles as non-crystalline U(IV)-silicate, suggesting alteration of UO 2 at the
Introduction
Uranium (U) is typically the major component by mass in spent nuclear fuels (SNF) and many radioactive wastes. U is commonly found as U(IV), either as UO 2 spent fuel [1] or from the corrosion of metallic U fuel [2e5] . U(IV) has much lower solubility than U(VI) under circumneutral and alkaline conditions [6] , meaning it is often considered essentially immobile [7, 8] and one of the primary barriers to prevent release of fission products and transuranics from SNF [9] . However, there is potential for U(IV) to form stable, mobile colloids which may significantly increase its mobility [10] . Colloids have been shown to mobilise radionuclides in environments such as acid mine drainage sites, where U was associated with amorphous Al-P-Fe-Si-based aggregates [11] , and at nuclear weapons testing sites where Pu was likely transported via sorption to clay and zeolite colloids [12] . These studies show that colloids are important transport vectors for radionuclides in a range of scenarios. Colloids also have the potential to mobilise U(IV) and other radionuclides at legacy nuclear storage facilities such as alkaline legacy storage ponds and silos at Sellafield, UK [13] . This is particularly important during waste retrieval operations at these facilities. Here, colloidal particles may be present in effluents and their mobility within effluent processing plants is unknown. Previously, both Pu and Am were found to be associated with colloidal phases in a legacy pond effluent [14] , suggesting colloidal transport is relevant to radionuclide mobility in these spent nuclear fuel storage facilities. Many of these facilities contain spent Magnox fuel, a metallic U fuel with Mg rich cladding. These facilities are maintained at an alkaline pH (e.g. pH 11e11.5 for the First Generation Magnox Storage Pond [14] ), but historic issues with pond chemistry control have led to corrosion of the metallic fuel, resulting in an abundance of UO 2 [5, 15] . Despite this, little is understood about the colloidal behaviour of UO 2 and other key intrinsic radionuclide containing colloids in aqueous systems of this nature.
In contact with water, metallic U corrodes to form fine UO 2 particulates [2e5]. Nanoparticulate UO 2 (<100 nm) also forms via dissolution and subsequent reprecipitation of UO 2 from thin-films under anoxic conditions [16] , suggesting nanoparticulate UO 2 may be prevalent in many wasteforms including both metallic U and UO 2 based SNF. At acidic pH, UO 2 is colloidal [17, 18] , however at neutral and basic pH UO 2 nanoparticles aggregate and precipitate due to their reduced surface charge near the pH pzc of UO 2 (5.8 [19] ) which leads to a loss of colloidal stability. If aggregation is prevented then these UO 2 nanoparticles may be colloidal at high pH. Previous investigations into the anoxic corrosion of metallic U spent nuclear fuel, in silicate containing solutions, have shown that the UO 2.08 product was nanoparticulate and, interestingly, colloidal [3] . The pH pzc of these uranium corrosion product particles was reported as 2e3, which is similar to that of U(IV)-silicate colloidal particles (4e5 [20] ) and much lower than that of pure UO 2 (5.8 [19] ). The lower pH pzc indicates that silicate may significantly affect the behaviour of UO 2.08 colloids in this system, yet the mechanism of this corroded uranium-silicate reaction remains poorly understood. Stabilisation of colloidal nanoparticles by a surface coating of silica has previously been observed for a range of systems, including Fe(III) oxides [21] , and amorphous calcium carbonate [22] . As UO 2 is also the most abundant form of U(IV) in the Earth's crust [23] , understanding these UO 2 interactions with silicate, which is ubiquitous in groundwaters [9, 24] , may be key to predicting U mobility in both engineered and natural environments.
Recently, U(IV)-silicate colloids have been identified as potential vectors for U(IV) transport under environmental and spent nuclear fuel storage pond relevant pH conditions (7e10.5) [13, 20] . In these studies, the formation of intrinsic U(IV)-silicate colloids via reaction of dissolved U(IV) and silicate was investigated. This resulted in stable colloidal particles of approximately 5 nm, with a 1e1.5 nm UO 2 core surrounded by an amorphous U(IV)-silicate shell. These studies highlight both the strong interaction of U(IV) with silicate, and the potential for U(IV)-silicate particles to have a UO 2 component. This core-shell structure, along with the previously discussed U metal corrosion study [3] support the hypothesis of silica-coated UO 2 being a likely product of the reaction of UO 2 with silicate, and also suggests this silica coating may stabilise colloidal UO 2 . However, the impact of dissolved Si on nano-UO 2 colloidal stability has not been investigated. This is relevant to U mobility in reducing environments, where U(IV) solubility is low and therefore colloidal forms of U(IV) present the greatest capacity for transport.
In addition to U mobility, U(IV)/silicate reactions are also a key factor in the long term fate of UO 2 , and in the formation of secondary minerals such as coffinite (USiO 4 ). It has been shown previously that coffinite-like U(IV)-silicate can form on the surface of UO 2 reacted with anoxic silicate containing water, however this reaction is not fully understood [25] . Coffinite is the second most abundant U(IV) mineral yet its formation is poorly understood, with synthesis in the lab often resulting in UO 2 /SiO 2 /USiO 4 mixed phases [26e30]. More recently, work has shown that U(IV)-silicate particles can form from reaction of U(IV) with silicate in solution, and the resultant U(IV)-silicate species may play an important role in coffinite formation [13, 29] .
A comprehensive understanding of the products of U metal corrosion, and how these phases interact with silicate, is essential when considering the mobility of radionuclides in nuclear wastes. Information on the potential for colloid formation, the structure of the colloids, and on interactions between U(IV) particles and silicate are crucial for safe handling and disposal of nuclear waste that contains these species. Here, we characterise the products of metallic uranium corrosion formed under anaerobic, alkaline conditions, and investigate the reaction between the U corrosion products and silicate solutions. Particle size was analysed using ultrafiltration coupled to inductively coupled plasma mass spectrometry and atomic emission spectroscopy (ICP-MS and ICP-AES) and transmission electron microscopy (TEM), and particle structure using scanning TEM (STEM), X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD).
Methods

Characterising U metal corrosion product
Preweighed metallic U (10 g) was washed using deoxygenated acetone in an anaerobic cabinet. The metallic U was corroded by anaerobic reaction with 0.001 M NaOH at 50 C for approximately 200 days to form the U corrosion product used in this study. After 200 days when corrosion was complete, as indicated by the cessation of H 2 formation, the samples were separated into plastic containers and stored in a hermetically sealed anaerobic atmosphere at room temperature for 3.5 years prior to analysis.
All subsequent manipulations were carried out in an anaerobic cabinet (95% N 2 /5% H 2 ) with an O 2 content of <20 ppm to prevent oxidation of U(IV). All solutions were made from degassed, deionised water (18 MU) .
Samples of the U corrosion product were received as a wet slurry in a pH 11 NaOH supernatant, stored in sealed containers. To separate the solid from the supernatant, the U corrosion product was centrifuged at 4000 g for 10 min and supernatant extracted. An aliquot of the separated supernatant was sequentially filtered using polyethersulfone (PES) 0.22 mm syringe filters and 300 and 3 kDa PES ultracentrifuge filters (approximately 12 and 1.5 nm pore size respectively [20, 31, 32] ). Total Si and U concentrations in the filtrate were analysed using ICP-AES (Perkin-Elmer Optima 5300 dual view) and ICP-MS (Agilent 7500cx) respectively. TEM samples of the unfiltered supernatant were prepared by dropping 5 mL of the supernatant onto a holey carbon copper TEM grid followed by washing with degassed, deionised water. TEM analysis was performed using an FEI TF30 analytical FEG TEM running at 300 kV equipped with an Oxford Instruments Silicon Drift Detector EDS system using Oxford INCA software.
For powder XRD, a sample of U corrosion product solid was washed by resuspension in degassed, deionised water, centrifuged, the solid isolated, resuspended in isopropanol and added dropwise to an XRD slide. The sample was stored in a poly(methyl methacrylate) anaerobic sample holder (Bruker) prior to, and during analysis. The sample was scanned from 5 to 70 2q, with a step size of 0.02 and a count time of 0.2 s per step with Cu Ka X-rays with a wavelength of 1.5406 Å. U L 3 edge XAS samples were prepared by isolating particles from solution on 3 kDa filters and mixing with cellulose to~1 % U concentration [13] . Samples were analysed on Diamond Light Source B18 beamline in transmission mode at liquid nitrogen temperature. Data were analysed using the Demeter software package Athena and Artemis and FEFF6 [33] .
Reaction of U corrosion product with silicate solutions
Silicate solutions were prepared by dissolution of sodium metasilicate nonahydrate (Na 2 SiO 3 $9H 2 O) in degassed, deionised water and adjusted to pH 11 using NaOH (1.5 M). Samples of the centrifuged U corrosion product slurry were added to silicate solutions across a range of U and Si concentrations. Details of the composition of these samples are shown in Table 1 . Total Si and U concentrations of the unfiltered, agitated suspensions were analysed using ICP-AES and ICP-MS respectively. The pH was monitored immediately after addition of U corrosion product to verify no change in pH occurred. Experiments were sampled at select intervals for ultrafiltration, TEM and XAS analyses. Experiments were ultrafiltered immediately after shaking at 1, 6, 20 and 30 week time points, as described in section 2.1 using 0.22 mm, 300 and 3 kDa filters. The impact of particle settling was also investigated on the 30 week aged samples. Here, samples were shaken and aliquots of the supernatant were taken 0, 1 and 48 h after shaking and ultrafiltered to monitor the effect of settling on supernatant particle size distribution. STEM analysis of 8 week aged samples (supernatant and bulk) was carried out on a probe corrected FEI Titan 80e300 operated at 300 kV. All images were digitally recorded using highangle annular dark-field (HAADF) detector. The imaging conditions were set such that the probe convergence angle was 18 mrad, and the inner detection angle on the HAADF detector was three times higher than the probe convergence angle. U L 3 edge XAS samples of the silicate reacted U corrosion product (at 1 week and 20 weeks) were prepared and analysed as described in section 2.1. To further probe the U oxidation state in these samples, high energy resolution fluorescence detected XANES (HERFD-XANES) analysis was carried out at the ACT station of the CAT-ACT beamline, KIT synchrotron radiation source using a Si (1 1 1) double crystal monochromator [34] . For HERFD-XANES, a sample from Experiment 1 (8.6 mM Si, 0.9 mM U, Table 1 ) was collected on a 3 kDa filter. The U M 4 edge was measured using the M b fluorescence line diffracted using a Johann-type spectrometer with 4 analyser crystals (Si (2 2 0); bending radius 1 m; Bragg angle 75.2 ) along a Rowland geometry with 1 m radius.
Results and discussion
U corrosion product characterisation
U L 3 edge XANES spectroscopy of the U corrosion product solid was consistent with U(IV) dominating ( Fig. S1 ) and EXAFS fitting confirmed UO 2 was the only discernible phase ( Fig. 1 , Table 2 ). EXAFS fitting showed a U-U coordination number in the first U shell of 12, which is expected for fully crystalline UO 2 , and the presence of clear peaks in the Fourier transformed EXAFS at R > 5 Å are consistent with multiple U-U shells and a highly crystalline particle structure. These results are in agreement with previous investigations into the corrosion of metallic uranium [3] , in which TEM analysis revealed that UO 2 nanoparticles of 5e10 nm aggregated into larger structures. This was supported by XRD analysis of the corrosion product ( Fig. S2 ), which showed a diffraction pattern consistent with UO 2 , with a unit cell size of 5.470 Å suggesting stoichiometric UO 2 [35] . Ultrafiltration analysis of the U corrosion product supernatant after centrifugation (10 min at 4000 g) and separation indicated the vast majority of the colloidal U (11 ppm) was present in particles greater than 220 nm in size ( Fig. S3 ). 0.6 ppm U was in the 220e1.5 nm size range and 0.5 ppm U in the <1.5 nm fraction. Solution analysis also identified 0.1 ppm Si was present in particulates (>1.5 nm) and not present in the solution (<1.5 nm) fraction. This trace level Si, likely an artefact from dissolution of the glassware at alkaline pH during the original corrosion experiment, was assumed to be associated with U particulates. TEM imaging of the U corrosion product supernatant showed a wide range of aggregate sizes between 20 and >1000 nm (Fig. 2) . These aggregates were made up from 5 to 10 nm primary particles, and occasionally separate individual particles were identified. Energy dispersive X-ray (EDX) spectroscopy confirmed the imaged particles were U-rich. Fe detected from EDX analysis was an artefact of background Fe in the TEM. Lattice fringes, indicating crystalline particles, were observed and selected area electron diffraction (SAED) patterns show UO 2 is the dominant crystalline product. After initial characterisation of the U corrosion product, samples were reacted with silicate solutions to probe the influence of silicate on U corrosion product colloid stability and particle structure.
U corrosion product-silicate characterisation
Ultrafiltration results from silicate reacted U corrosion product experiments showed clear differences between the silicate containing and silicate free experiments. Between 2.8 and 4.6% U and 3.1e3.7% Si were present in the 1.5e220 nm size fraction in all the silicate containing experiments (Experiments 1e3) at 1 week ( Fig. 3) . By contrast, <0.1% U was present in this fraction in the silicate free experiment (Experiment 4). In all cases, most of the Si was in the solution fraction (<1.5 nm), with more in the >220 nm size fraction, than the 1.5e220 nm size fraction, which is also true for the U size distribution. In the absence of U corrosion product, detectable Si was only present in the solution fraction (<1.5 nm). These results are consistent with silicate being present either as a dissolved species, or associated with the U particulates. The amount of dissolved U (<1.5 nm) was between 1.8 and 2.1 mM (0.2e0.5% of the total U) across the 4 experiments, which is above the predicted (2) U corrosion product 0.0099 0.85(7) 6.6(7) 2.36 (1) 3.87(1) 4.45(2) 0.007(1) 0.004(1) 0.010 (3) R denotes atomic distance; s 2 denotes Debye À Waller factor; DE 0 denotes the shift in energy from the calculated Fermi level; S0 2 denotes the amplitude factor; R factor denotes "goodness of fit". Coordination numbers were fixed to 8 (O1), 12(U) and 24(O2) for all fits. Numbers in parentheses are the standard deviation on the last decimal place. solubility of UO 2 (am) at pH 11 (0.003 mM) [36] . This is likely due to a small amount of oxidation of the sample (<0.5%), resulting in more soluble U(VI) species. In the silicate containing experiments (Experiments 1e3, Table 1 ), U remained present in the 1.5e220 nm size fraction over 30 weeks, with <0.1 ppm U in this size fraction in the silicate free experiment (4) (Fig. 4) . Generally, in silicate containing experiments, the amount of 1.5e220 nm U was stable over time at concentrations of between 2.5 and 6.5% of the total U. To identify whether the U present in this particle size fraction was colloidal, supernatant samples were ultrafiltered at set time points after shaking at 30 weeks (Fig. 5 ). The amount of 1.5e220 nm U particulates in the supernatant was measured at three settling times; 0, 1 and 48 h after shaking. The results shown in Fig. 5 show a stable population of 1.5e220 nm particles in Experiments 1e3 that does not decrease over time, confirming that particles of this size do not settle out and are colloidal. TEM images show the primary particles of both the initial U corrosion product (Fig. 2 ) and the silicate reacted U corrosion product ( Fig. 6) to be < 12 nm in size however U particles in the 1.5e12 nm size fraction were not observed in the ultrafiltration results (additional ultrafiltration results including 1.5e12 and 12e220 nm fractionation are shown in Fig. S4 ). The 1.5e220 nm U in these systems was almost exclusively in the 12e220 nm size fraction, indicating the aggregates observed via TEM are present in the suspensions, but the independent primary particles are not. Given the absence of U in the <220 nm particulates in the silicate free system, it is apparent that silicate is causing disaggregation of large, >220 nm U corrosion product aggregates, leading to formation of these smaller, but still aggregated, 12e220 nm particles.
High-angle annular dark-field (HAADF) STEM imaging was used alongside standard TEM imaging to identify U due to its high atomic number and the high z-contrast relative to silica (Fig. 5 ). After 8 weeks aging in silicate solutions, HAADF imaging and bright field TEM showed that the particles had retained their highly crystalline UO 2 structure, with visible lattice fringes. SAED patterns recorded were consistent with a UO 2 structure, and 5e10 nm primary particles, aggregated into larger structures, were once again prevalent. Importantly though, amorphous regions were observed in some areas at the edges of particles and these regions showed much lower brightness in the HAADF imaging, suggesting they were made up of lighter elements e.g. Si and O. EDX analysis confirmed the colocation of U and Si in these particles with Si apparently present as a coating (Fig. 6 ). While some areas of the silica coating were up to 5 nm thick, other regions showed little or no silica coverage, suggesting heterogeneous coverage (Fig. 6c ).
Using HAADF imaging it was possible to observe the silica coating on the U corrosion product particles and also observe bright spots within the coating, attributed to the presence of individual U atoms present in this silica coating. This suggests that some of the U in the UO 2 particles is migrating into the silica coating. Indeed, it was possible to record the movement of U atoms in the silica coating (see SI video). This atomic level video contains U atoms moving under the electron beam, including atoms becoming attached and detached at the UO 2 -silica interface. This shows the UO 2 particles are undergoing a reaction with the silica coating and some U atoms are being incorporated into this non-crystalline coating. Although there were many examples of U atoms in the silica coating seen in these samples, the relative amounts of U in the silica coating compared to the UO 2 particles was very low.
Supplementary video related to this article can be found at https://doi.org/10.1016/j.jnucmat.2019.151751. U L 3 edge XANES again confirmed that the majority of U was in the þ4 oxidation state (Fig. S1 ) in all systems, and that sample oxidation had not occurred. The oxidation state of the silicate reacted U corrosion product (Experiment 1) was further probed using U M 4 edge HR-XANES, which has high sensitivity for detecting U(IV), (V) and (VI) mixed oxide states [37e39]. The HR-XANES showed that the U oxidation state is similar to that of the UO 2 standard (U(IV)), with a slight shoulder to the main peak in the spectrum at higher energy which may be due to some oxidised U present in a slightly oxidised UO 2þx species (Fig. S6) .
EXAFS analysis and fitting for all the silicate reacted U corrosion product experiments (Fig. 1, Fig. S7 and data fits in Table 2 ) at both 1 and 20 weeks aging showed that the U was predominantly in a UO 2 environment with all the EXAFS spectra fit to the same UO 2 structure as the original U corrosion product sample. EXAFS from all experimental conditions were fit using 8 O backscatterers at 2.36 ± 0.01 Å, 12 U backscatterers at 3.88 ± 0.01 Å and 24 O backscatterers at 4.46 ± 0.02 Å. Fitting parameters, including the amplitude reduction factor and energy correction, are shown in Table 2 and are within error across all systems. Additional multiple scatters (U-O-O and U-O-U pathways) were also included in the fitting and full details of these can be seen in Table S1 . From the EXAFS fits it is clear that there is no detectable systematic change in the coordination of U in these systems in the presence or absence of silicate, despite the differences in particle sizes and colloidal behaviour. Overall, the fits show that the bulk U coordination environment is in agreement with U being in crystalline, nanoparticulate UO 2 in the starting material, silicate free control and silicate reacted experiments.
Silicate stabilisation of colloidal UO 2 corrosion product
Despite the apparent necessity of silicate in solution for the disaggregation of U particulates, as evidenced by 1.5e220 nm particles forming in Experiments 1e3 and not Experiment 4, there was no clear trend between the silicate concentration, or Si:U ratio, and the amount U present in the 1.5e220 nm size fraction. This suggests that even lower concentrations of silicate, not explored in this study (<1.6 mM) may also stabilise U(IV) colloids. TEM imaging (Fig. 6) shows a coating of silica on the silicate reacted U corrosion product particle surface and EXAFS shows no alteration of the UO 2 particle structure, suggesting that the silicate reaction is limited to the particle surface. As silicate is not intrinsic to the structure of the particles in this study, colloidal stability for these species appears less dependent on the silicate concentration than in previously investigated intrinsic U(IV)-silicates [13, 20] . This has implications for colloidal stability of U(IV) phases in natural systems where concentrations of silicate vary from 10 À5 e 1.6 Â 10 À3 M in groundwaters and 3 Â 10 À5 e 1.3 Â 10 À3 M in surface waters [24] . This study shows that even the lowest investigated silicate concentrations can lead to UO 2 nanoparticle disaggregation, so it is possible that silicate stabilisation of colloidal UO 2 could occur in natural systems with moderate silicate concentrations.
The presence of 1.5e220 nm U particulates in the silicate containing systems is attributed to disaggregation of large (>220 nm), non-colloidal aggregates. Settling experiments verified that these 1.5e220 nm particulates were stable colloids, as their concentration did not decrease with increasing settling time. While the presence of silicate and the formation of a silica coating on the particles led to some disaggregation and formation of colloidal, <220 nm sized particles, the absence of U particles in the 1.5e12 nm size fraction indicates this colloid still consists of moderately aggregated particles. The source of this disaggregation and subsequent colloidal stability is the increased hydrophilicity of the particle surface. As observed for intrinsic An(IV)-silicate colloids [13, 20, 40] , silicate present at the particle surface can increase colloidal stability by providing more favourable surface-solution interactions [41e46]. TEM showed this silica is present on the particle surface and therefore has a strong influence on surface composition, charge and colloid stability. Given these results, it is reasonable to assume that silicate was responsible for previously observed colloidal UO 2.08 which was formed from the corrosion of metallic U spent nuclear fuel under silicate rich groundwater conditions [3] . The observations from this previous study, including SAED suggested that the UO 2 particles observed are likely similar to the silicate coated U colloids in the current work. The use of highresolution TEM and ultrafiltration has been applied in the current work to clearly identify a silica coating to the particles.
Silicate coated particles similar to those formed in this study may also be present in legacy spent nuclear fuel storage facilities. Previous investigations have found discrete black particles, characterised as UO 2 , associated with silicate in a Magnox storage pond [5] . Given the similar formation process (corrosion of metallic U at alkaline pH) these UO 2 particles likely share many characteristics with those identified in this study. It is therefore possible that these particles may be colloidal and significant transport vectors of radioactivity in effluent treatment systems at nuclear sites.
UO 2 corrosion product-silicate interactions and implications for long term fate of U(IV)
U L 3 edge and M 4 edge XAS, and XRD all suggest U in both the initial U corrosion product and the subsequent reactions with silicate, is dominated by U(IV). U M 4 edge HERFD XANES indicates U may be slightly oxidised, with a sample from silicate reacted U corrosion product (Experiment 1) being slightly altered, relative to the UO 2 standard (Fig. S6) .
Despite a small amount (~0.1 ppm) of silicate present in the initial U corrosion product, the structure of this U corrosion product was still found to be UO 2 . While ultrafiltration showed association of silicate with U corrosion product particles after 1 week of reaction in Experiments 1e3, and changes in the particle size distribution, there was no change in the overall U coordination according to EXAFS fitting. This was consistent throughout the experiments in both the silicate-free and silicate containing solutions. STEM imaging supported this conclusion and showed that the Si was present as a poorly ordered, heterogeneous coating on the U corrosion product particle surface. As discussed in section 3.3., this silica coating explains how the particles are stabilised as colloids, despite relatively low ratios of Si:U in the particles, as it is highly enriched on the particle surface. There was no evidence for the presence of Si within the crystalline UO 2 regions of the U corrosion product particles, or for alteration of the bulk particle structure, showing that silicate can stabilise UO 2 particles as colloids without altering the bulk structural form of the U. While this has been observed previously for Ca-carbonates and Fe-oxyhydroxides [21, 22] , it has not been identified for UO 2 particles. These findings suggest that bulk analysis of the solid may not be a good representation of the particle surface and thus the colloidal behaviour. As it is the surface that interacts with the surrounding environment, the aggregation behaviour and transport properties of the U-containing particles may be significantly different from those predicted by the bulk structure.
Atomic resolution HAADF-STEM shows evidence of U atoms in the silica coating after 8 weeks. Although the amount of U in this shell is low relative to the amount in the crystalline UO 2 particles, and therefore not detected using EXAFS, it is an interesting observation which suggests that the UO 2 surface is undergoing alteration in the presence of silica. This is significant to both the long term stabilisation of UO 2 colloids in silicate rich environments, and also the formation of alteration phases on UO 2 . If the surface alteration of UO 2 continues over longer timescales, the surface structure of these particles may become more U(IV)-silicate like. These observations are in agreement with previous work which showed coffinite-like U(IV)-silicates formed on the surface of UO 2 pellets which were exposed to silicate containing solutions [25] . The coffinite-like particles were only observed after prolonged reaction at high temperature (180 C); however Fig. 6 suggests that isolated U atoms in an amorphous silica particle coating are the precursors to formation of U(IV)-silicates. Furthermore, the presence of UO 2 particles coated by a U(IV)-containing silica shell has similarities to the proposed core-shell structure of U(IV)-silicate colloidal particles [13] . The bulk structure of the particles formed in the current study is very different to intrinsic U(IV)-silicates, with UO 2 dominating the structure of the U corrosion product particles even when aged for 20 weeks in silicate solutions. Additionally, the formation process of the U(IV)-silicate matrix is different between these two systems, with the present study showing a reaction at the UO 2 /SiO 2 interface between existing U(IV) particles and surface coatings of silica, and previous work on intrinsic U(IV)-silicates involving the reaction of dissolved U(IV) and silicate. However, over longer timescales than those explored in this study it is possible that a U(IV)-silicate structure may become increasingly prevalent. Importantly, intrinsic U(IV)-silicate particles form stable colloids [13, 20] , particularly under high silicate concentrations, meaning U(IV)-containing particles will remain colloidal even if their structure changes. Overall, we present clear evidence for a different formation route for U(IV)-colloids to the previously investigated intrinsic U(IV)-silicate colloids which were formed from a solution phase U(IV)-carbonate system [13, 20] . This pathway represents an environmentally relevant scenario in geodisposal and spent nuclear fuel storage facilities where nano-UO 2 and silica are expected to be present.
While coffinite is abundant in the Earth's crust, its formation is poorly understood. Potential pathways to coffinite formation have been discussed and investigated previously [26e30], including oxidation/reduction processes. Natural coffinite is thought to form at temperatures between 80 and 130 C, however most laboratory based syntheses have been carried out at higher temperatures [29] and often result in mixed UO 2 , USiO 4 and SiO 2 products. Recent studies have suggested U(IV)-silicate solution complexes and nanoparticles may play a key role in the formation of coffinite, but their role has not been comprehensively defined [13, 29] . Recent investigations into the stability of uranothorites (Th 1-x U x SiO 4 ) solid solutions has shown that, while U rich uranothorites (and coffinite) are unstable with respect to their binary oxides, short range ordering and favourable enthalpies can stabilise solid solutions with x z 0.5 [47] . This could also apply to U(IV) in silicates observed in the present study and previous work [13] where U(IV) is present in poorly ordered, silicate forms which may have exothermic enthalpies driving their formation and stability. This study, showing alteration of UO 2 at the UO 2 -silica interface, and subsequent migration of U(IV) into the silica coating at room temperature, potentially provides a different pathway for the formation of U(IV)-silicates like coffinite. Further investigation of this process is required to fully understand the role of these reactions in environmental formation of U(IV)-silicates.
Conclusions
In summary, the product of anaerobic U metal corrosion at pH 11 was found to be UO 2 by EXAFS and XRD, consisting of crystalline nanoparticles 5e10 nm in size which formed aggregates. When reacted with silicate solutions, a fraction of the U corrosion product became colloidal and persisted for 30 weeks. The particle size and amount of colloidal U did not appear to be dependent on the silicate concentration in solution. No colloidal U was found in the silicate free experiment, suggesting silicate is essential for formation of UO 2 -based colloids. XAS and STEM showed that reactions with silicate resulted in the formation of a silica coating, with little change in the bulk UO 2 structure. Atomic resolution STEM showed evidence of surface alteration of the U-containing particles with migration of U atoms into the amorphous silica-like coating as noncrystalline U(IV). These results demonstrate that silicate can stabilise UO 2 as a colloid under environmentally relevant concentrations at a pH representative of both spent nuclear fuel storage and geodisposal scenarios. While the bulk structure shows little change over 30 weeks, evidence of UO 2 alteration at the UO 2 -silica interface suggests that these conditions could lead to eventual U(IV)silicate formation.
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